Abstract-We propose a kind of novel photonic crystal fibers (PCFs) based on a fiber core with arrays of subwavelength circular air holes, achieving the flexible control of the birefringence or the dispersion property of the PCFs. A highly birefringent (HB) PCF is achieved by employing arrays of subwavelength circular air hole pairs in the fiber core, which are arranged as a conventional hexagonal lattice structure with a subwavelength lattice constant. The HB-PCF is with uniform and ultrahigh birefringence (up to the order of 0.01) in a wavelength region from 1.25 µm to 1.75 µm or even a larger region, which, to the best of our knowledge, is the best birefringence property of the PCFs. A dispersion-flattened (DF) PCF with near-zero dispersion is achieved by employing arrays of subwavelength circular air holes in the fiber core arranged as a conventional hexagonal lattice structure with a subwavelength lattice constant, which contributes negative waveguide dispersion to the PCF. The proposed design of the DF-PCF provides an alternate approach for the dispersion control of the PCF. Besides the high birefringence and the flattened near-zero dispersion, the proposed PCFs with a fiber core of arrays of subwavelength circular air holes have the potential to achieve a large mode area single mode PCF.
INTRODUCTION
Thanks to the flexibility for the cross section design, photonic crystal fibers (PCFs) [1] [2] [3] [4] [5] [6] [7] [8] [9] have achieved excellent properties in birefringence [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , dispersion [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , single polarization single mode [30] [31] [32] , nonlinearity [33] , and effective mode area [34] [35] [36] , and also excellent performances in the applications of fiber sensors [37, 38] , fiber lasers [39] [40] [41] and nonlinear optics [42] [43] [44] [45] over the past several years. Large numbers of research papers have highlighted some optical properties of the PCFs such as ultrahigh birefringence and unique chromatic dispersion, which are almost impossible for the conventional optical fibers. Optical fibers with high birefringence can find important applications in optical fiber communications, fiber filters, fiber sensors, fiber lasers and so on. So far, several highly birefringent (HB) PCFs have been demonstrated to achieve high birefringence up to the order of 0.001, which is one order of magnitude higher than that of the conventional polarization-maintaining fibers (PMFs). Most HB-PCFs are achieved based on the large index contrast of the silica and the air by introducing an asymmetric solid fiber core surrounded by air holes (e.g., using a fiber core with double defect or triple defect of the photonic crystal structure [12] [13] [14] [15] ). Several research papers have also shown that the ultrahigh birefringence (up to the order of 0.01) can be achieved by employing elliptical air holes in the fiber cladding [15] [16] [17] [18] . For these so-called elliptical-hole PCFs, high birefringence is achieved when a large part of the mode power is in the fiber cladding. Thus, the high birefringence is often accompanied with poor light confinement (i.e., resulting in a large confinement loss). To overcome the problem of the poor light confinement of the elliptical-hole PCFs, we have proposed a PCF with both ultrahigh birefringence and ultralow confinement loss based on a fiber core with a structure of sub-wavelength elliptical air hole array [19] . However, it is almost impossible to accurately fabricate PCFs with different kinds of noncircular air holes (elliptical air holes) using the current fabrication techniques available. Moreover, compared with conventional optical fibers, PCFs have also shown their advantages in the control of chromatic dispersion which is very important for practical applications to optical communication systems, dispersion compensation, and nonlinear optics. Up to now, control techniques of the chromatic dispersion of PCFs are very attractive, and various PCFs with specific dispersion properties such as dispersion-flattened (DF) PCFs [22] [23] [24] [25] and large negative dispersion PCFs [26] [27] [28] [29] have been reported.
A PCF with a single subwavelength circular air hole in the fiber core has been reported [46] , which indicates the large potential to achieve PCFs with a relatively complex structure not only in the fiber cladding but also in the fiber core in the near future. In this paper, we proposed a kind of novel PCF based on the design of a fiber core with arrays of subwavelength circular air holes, at the same time, introducing approaches to achieve the ultrahigh birefringence and to control the dispersion property of PCFs. We investigate in detail two examples of the proposed PCFs, one HB-PCF design with arrays of subwavelength circular air hole pairs in the fiber core and one DF-PCF with arrays of subwavelength circular air holes in the fiber core. The proposed HB-PCF is with uniform and ultrahigh birefringence (up to the order of 0.01) which, to the best of our knowledge, is the best birefringence property of the any PCF designs, and is also with low confinement loss in a large wavelength region from 1.25 µm to 1.75 µm or even a larger region. By introducing the design of the DF-PCF with a zero dispersion wavelength around 1.55 µm, we also provide a dispersion control technique based on the negative waveguide dispersion property of the fundamental space-filling mode (FSM) of the fiber core with arrays of subwavelength circular air holes.
HIGHLY BIREFRINGENT PHOTONIC CRYSTAL FIBER
For a birefringent optical fiber, the modal birefringence is defined as [32] ∆n
where n eff -y and n eff -x are effective indexes of the Y -polarized fundamental mode and X-polarized fundamental mode of the optical fiber, respectively. The confinement loss of the fundamental modes can be deduced from the value (imaginary part) of the complex effective index (n eff -c ) of the fundamental mode of the optical fiber, which is given by [11] 
where λ is the operation wavelength. We employ a full-vector finite-element method (FEM) to calculate the effective index of the fundamental mode of the PCF in this paper. Since the bulk fused silica is an isotropic medium, most HB-PCFs are achieved based on the asymmetric geometrical structure designs of the fiber core or the fiber cladding for the cross section of the PCFs. This leads to a difference in the effective indexes of the X-/Y -polarized guiding modes of PCFs. Quite different from the design principle of these HB-PCFs, here we design an equivalently anisotropic medium [19] by employing subwavelength circular air hole pairs in the fused silica with a conventional hexagonal lattice structure, which intrinsically results in different effective indexes for the guiding light with different polarization. Since most mode power of the fundamental mode of the PCF locates in the fiber core, introducing the equivalently anisotropic medium in the fiber core can provide sufficient and flexible control of the birefringence of the PCF. In what follows we show an HB-PCF based on the new design concept. Figure 1 shows the cross section of the proposed HB-PCF with a fiber core of subwavelength circular air hole pair array. Five rings of relatively large circular air holes with the radius (R) are employed in the fiber cladding forming a conventional hexagonal lattice structure with a lattice constant (Λ) (i.e., center-to-center distance between the two adjacent circular air holes). In the fiber core of the proposed HB-PCF, three rings of relatively small circular air hole pairs (including the central one) are also arranged in a hexagonal lattice but with a much shorter lattice constant (Λ ). Each circular air hole pair consists of two circular air holes with a distance (d) which are arranged in a line in Y -direction. The circular air holes in the fiber core are with the subwavelength size and the radius (r) is less than 100 nm for the HB-PCF considered in this paper. Note that the fiber core with arrays of the subwavelength circular air hole pairs in the fused silica acts as the equivalently anisotropic medium. We studied the HB-PCF by setting Λ = 2 µm, Λ = 0.5 µm and d = 0.2 µm, and varied R and r. The refractive index of the air is assumed to be 1.0 and the refractive index of the fused silica is given by the following Sellmeier-type dispersion formula [47] 
where the unit of λ is µm.
For the proposed HB-PCF with the parameters of Λ = 2 µm, R = 0.8 µm, Λ = 0.5 µm, r = 0.08 µm and d = 0.2 µm, we calculated the fundamental mode of the proposed HB-PCF is A eff -x = 4.4008 µm 2 and A eff -y = 4.4986 µm 2 , respectively, corresponding to the mode area of A eff = 3.7968 µm 2 for the fundamental mode of the PCF with a solid fiber core at the wavelength of λ = 1.5 µm. These results show that although the subwavelength air holes in the fiber core results in relatively low effective index, the HB-PCF has its fundamental mode profile just like the PCF with a solid fiber core. Figure 3 shows the effective mode area and the dispersion of the X-polarized and the Y -polarized fundamental modes of the proposed HB-PCF with the parameters of Λ = 2 µm, R = 0.8 µm, Λ = 0.5 µm, r = 0.08 µm and d = 0.2 µm. The dispersion discussed here is the chromatic dispersion (including the waveguide dispersion and the material dispersion), which can be calculated by the following formula [11] 
where c is the velocity of light in free space.
Next we investigated the birefringence property of the proposed HB-PCF. Figure 4 shows the birefringence of the proposed HB-PCFs in cases of (R = 0. (R = 0.8 µm, r = 0.08 µm, d = 0.18 µm: blue dotted curve). From Figure 4 , the birefringence property of the proposed HB-PCF can be summarized as follows: 1) The birefringence of the proposed HB-PCF can reach a high level up to the order of 0.01. The perturbation of the birefringence in the calculated wavelength region is very small (within 3%), which shows the proposed HB-PCF exhibits uniform birefringence in the large wavelength region.
3) The birefringence increases as the size of the circular air hole in the fiber core increases, due to the enhancement of anisotropy of equivalently anisotropic medium in the fiber core. 4) The birefringence increases as the size of the circular air hole in the fiber cladding increases, due to the enhancement of light confinement (i.e., more mode power locates in the fiber core). 5) The birefringence depends on the distance (d) of the two subwavelength circular air holes of one pair. Figure 4(c) shows the birefringence increases as the distance (d) decreases. Our calculated results show that the uniform and high birefringence property can be achieved based on our design and the proposed HB-PCF exhibits a flexible control of the birefringence by designing the structures of both the fiber cladding and the fiber core with suitable parameters.
It is also worthwhile to investigate the confinement loss property of the proposed HB-PCF. The confinement loss of the fundamental mode of the HB-PCF can be calculated by using Eq. (2). Figure 5 shows the confinement loss properties of the proposed HB-PCFs in cases of (R = 0. loss of the HB-PCF with parameters of (R = 0.8 µm, r = 0.09 µm, d = 0.2 µm) becomes larger since the larger circular air holes in the fiber core results in the lower effective index of the fiber core and more poor confinement of the guiding light. Similarly, the HB-PCF with parameters of (R = 0.75 µm, r = 0.08 µm, d = 0.2 µm) also has the larger confinement loss due to the higher effective index of the fiber cladding because of the smaller circular air holes in the fiber cladding. The HB-PCF with the parameters of (R = 0.8 µm, r = 0.08 µm, d = 0.18 µm) has the similar low confinement loss as the HB-PCF with the parameters of (R = 0.8 µm, r = 0.08 µm, d = 0.2 µm) but has higher difference of the confinement loss for the X-polarized and the Y -polarized fundamental modes. Thus, one can conclude that the parameters of the circular air holes in the fiber cladding or the fiber core plays a critical role to control the effective index of the fiber cladding or the fiber core and consequently determine the confinement loss of the proposed HB-PCF, which provide flexibility to design or control the confinement loss of the proposed HB-PCF. We can also add more rings of circular air holes in the fiber cladding to further reduce the confinement loss, which will not affect the birefringence of the PCFs.
DISPERSION-FLATTENED PHOTONIC CRYSTAL FIBER
In the above section, we have shown that high birefringence can be achieved by employing the equivalently anisotropic medium formed by arrays of subwavelength circular air hole pairs in the fiber core. Naturally other property such as the dispersion of the PCF will also depend on the structure of the fiber core, since most mode power of the fundamental mode of the PCF locates in the fiber core. In this section, we will show the dispersion control technique of the PCF by introducing arrays of subwavelength circular air holes in the fiber core, where a DF-PCF is taken as an example. Figure 6 . Cross section of the proposed DF-PCF with a fiber core of arrays of subwavelength air holes. Figure 6 shows the cross section of the proposed DF-PCF with a fiber core of arrays of subwavelength circular air holes. The cross section of the DF-PCF is almost the same as that of the abovementioned HB-PCF except that the fiber core of the DF-PCF is formed by arrays of the subwavelength circular air holes instead of the subwavelength circular air hole pairs. Note that the fiber core of the DF-PCF with arrays of subwavelength circular air holes in the fused silica acts as the equivalently isotropic medium here, which indicates the birefringence of the DF-PCF is almost zero and will not be discussed in this section. For the ease of calculation, we have set Λ = 2 µm, R = 0.8 µm and Λ = 0.5 µm. Different values of the radius (r) of the circular air holes in the fiber core are considered in this section to show the dispersion contribution of the fiber core structure. The refractive index of the air also is assumed to be 1.0 and the refractive index of the fused silica is given by the Eq. (3), which means material dispersion is also included in our calculations.
First, we investigated the waveguide dispersion of the hexagonal lattice structure with arrays of circular air holes in the fused silica. This helped us to understand what role the fiber core of the DF-PCF plays for the dispersion property of the DF-PCF. A plane-wave expansion method [48] is used to calculate the effective indexes for the light wave propagating along the Z-direction in the fiber core area of the DF-PCF with the hexagonal lattice structure (i.e., the effective indexes of the fundamental space-filling mode (FSM) of the fiber core). The lattice constant and the radius of the air hole are assumed to be Λ = 1 µm and r = 0.25 µm, respectively. The refractive index of the fused silica is fixed to be 1.45 here, since we only consider the waveguide dispersion of the structure. 2 µm] , respectively. Thus, we know the fiber core of the present DF-PCF with arrays of the subwavelength circular air holes will contribute negative dispersion for the PCF when only waveguide dispersion of the fiber core is considered. Figure 8(a) shows the effective index of three types of PCFs, Type-I PCF with a solid fiber without air hole (black solid curve), Type-II PCF with a fiber core with arrays of circular air holes of Λ = 0.5 µm and r = 0.1 µm (red dashed curve), and Type-III PCF with a fiber core with arrays of circular air holes of Λ = 0.5 µm and r = 0.12 µm (green dotted curve). Figure 8(b) shows the dispersion of the fundamental modes of Type-I PCF (black solid curve), Type-II PCF (red dashed curve), Type-III PCF (green dotted curve), and the FSMs of the hexagonal lattice structures in cases of (Λ = 0.5 µm, r = 0.1 µm) (yellow dotted curve) and (Λ = 0.5 µm, r = 0.12 µm) (blue dashed curve). Note that the dispersion of FSMs of the hexagonal lattice structures is calculated by employing the plane-wave expansion method and the fused silica is assumed to be 1.45. Type-I PCF is actually a conventional PCF with the positive dispersion in the calculated wavelength region, which includes the waveguide dispersion due to the cross section structure and the material dispersion of the fused silica. When arrays of the subwavelength circular air holes are introduced in the fiber core, the dispersion of the PCFs (such as Type-II PCF and Type-III PCF) is reduced due to the fact that the hexagonal lattice structure with arrays of the subwavelength circular air holes in the fused silica have the negative waveguide dispersion as discussed above. Since the negative waveguide dispersion of the hexagonal lattice structure in the fiber core can be designed by choosing suitable parameters of the air hole size and the lattice constant, the dispersion property of the PCF can be flexibly controlled and the flattened near-zero dispersion can be achieved. Type-III PCF is a DF-PCF with flattened dispersion in the wavelength region from 1.5 µm to (a) (b) Figure 8 . (a) Effective index of the fundamental modes of the PCF with a solid fiber core (black solid curve), the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.1 µm) (red dashed curve) and the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.12 µm) (green dotted curve). (b) Dispersion of the fundamental modes of the PCF with solid fiber core (black solid curve), the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.1 µm) (red dashed curve) and the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.12 µm) (green dotted curve) and the FSMs of the fiber cores in cases of (Λ = 0.5 µm, r = 0.1 µm) (yellow dotted curve) and (Λ = 0.5 µm, r = 0.12 µm) (blue dashed curve). Effective mode area and confinement loss of the fundamental modes of the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.12 µm).
1.6 µm (the fiber optical communication window) and a zero-dispersion wavelength around 1.55 µm. Figure 9 shows the effective mode area and the confinement loss of the fundamental modes of the PCF with a fiber core in case of (Λ = 0.5 µm, r = 0.12 µm), where the confinement loss is very low in the calculated wavelength region.
DISCUSSION AND CONCLUSION
It is well known that PCFs' excellent properties in birefringence, dispersion, nonlinearity, and effective mode area are mainly due to the flexibility for the cross section design. Knight has concluded there are four types of PCFs which are with solid fiber cores (silica) or hollow fiber cores (air) [5] . So far, most designs for PCFs are focusing on the fiber cladding structure. In general, we introduce the designs of PCFs with fiber cores of relative complex structure, which provide additional degree of freedom for PCF designs to achieve excellent properties such as high birefringence, flattened dispersion or large effective mode area where the former two have been demonstrated in this paper. For the HB-PCF, we employ arrays of subwavelength circular air hole pairs in the fiber core which acts as equivalently anisotropic medium and result in uniform and ultrahigh birefringence. The equivalently anisotropic medium is mainly due to the effect of the two Y -direction-arranged circular air holes which form the basic cell of the air hole pair. Similarly, as shown in Figure 10 we can also use three air holes or four air holes to form the basic cell of the structure in the fiber core to introduce high birefringence of the PCF, which benefit from the design concept of super-lattice structure in our recent paper [49] . Note that we can also use X-direction-arranged circular air holes in the fiber core to achieve the HB-PCF. For the DF-PCF, we observe that the waveguide dispersion of the fiber core structure plays an important role in the dispersion of the PCF. Thus, the fiber core structure design provides an additional approach to control the dispersion of the PCF. Besides the method we adjust the size of the subwavelength air hole in the fiber core to achieve the dispersion control, we can also adjust the hole pitch of the subwavelength air hole in the fiber core or the size of the big air hole in the fiber cladding of the PCF. It is worthwhile to note that the effective index of the fiber core can be flexibly controlled by adjusting the parameters such as the hole size in the fiber core, which indicates the index difference between the fiber core and the fiber cladding can be well controlled. This is extremely important for a single mode design and a large mode area design of the PCFs. By employing arrays of subwavelength air holes with suitable parameters in the fiber core of the PCF we can achieve very small difference between the effective indexes of the fiber core and the fiber cladding, which allows a vary large diameter of the fiber core when consider the single mode condition. Thus, the proposed design by employing arrays of subwavelength circular air holes in the fiber core has a big potential to achieve a large mode area single mode PCF.
For the proposed PCFs with a fiber core of arrays of subwavelength circular air holes, excellent properties in the birefringence and the dispersion are introduced due to the fact that most mode power locates in the fiber core region. As shown in Figure 11 (a), it is better to design a large fiber core region (red part) which ensures that most mode power locates in the fiber core region with arrays of subwavelength (a) (b) Figure 11 . Cross sections of PCFs with (a) a large fiber core region (red part) and (b) a small fiber core region (red part). circular air holes. Otherwise, expected property of the PCFs such as the high birefringence can not be achieved when large part of the mode power locates in the uniform fusa silica region (outside of the fiber core region). Considering the proposed PCFs may not be easily produced by the traditional stacking of capillaries method, as a large fiber core region is required, another alternative is to have a smaller fiber core region and 6 additional air holes between the core and cladding region as shown in Figure 11 (b). The 6 air holes ensured most of the mode power confined within the fiber core region. For all PCF designs in this paper, a secondary (or even third) stacking of canes method should be employed in the fabrication process, where the fiber core with arrays of subwavelength air holes should be fabricated in the first (or second) stacking of canes. Introducing arrays of subwavelength circular air holes in the fiber core of the PCF is a creative and challenging idea. Although the proposed PCFs have very low confinement loss, they may have other problems such as the scattering loss because of the small air holes in the fiber core and the coarse interfaces between the air and the silica, which will depend on the technological level of the PCF fabrication. Due to the excellent properties of the proposed PCFs, it is worthwhile to try to fabricate them and to check whether they work well for many of the applications of the HB-PCF and the DF-PCF, which are usually with a length less than tens of meters for specific applications [39, 41] .
In conclusion, we have proposed a kind of novel PCFs based on a fiber with arrays of subwavelength circular air holes, which include an HB-PCF and a DF-PCF. For the HB-PCF with arrays of subwavelength circular air hole pairs in the fiber core, uniform and ultrahigh birefringence in a large wavelength region has been achieved. Simulation results have also shown that the birefringence is dependent on the size of the air holes in the fiber core and the fiber cladding. For the DF-PCF with arrays of subwavelength circular air holes in the fiber core, fattened near-zero dispersion is achieved where the negative waveguide dispersion of the fiber core structure is introduced. We have also investigated the waveguide dispersion of the hexagonal lattice structure with arrays of circular air holes in the fused silica. Simulation results have shown that the designs of the fiber core with arrays of circular air holes can provide an additional approach for the dispersion control of the PCF. 
